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1  | INTRODUC TION
During	 the	 last	25	years,	 a	wealth	of	 studies	aimed	 to	answer	 the	
question:	does	plant	biodiversity	matter	for	the	functioning	of	eco-
systems	and	for	 their	potential	 to	deliver	services	 to	humanity?	 In	
essence,	 these	 studies	 showed	 that	 changes	 in	 species	 diversity	
usually	 result	 in	 changes	 in	multiple	 ecosystem	 processes,	 includ-
ing	 those	 related	 to	 productivity,	 nutrient	 cycling,	 and	 stability,	





is	 typically	a	high	variation	 in	 functioning,	mostly	due	 to	different	







































management	 focus	 on	 tree	 productivity	 does	 not	 necessarily	 trade-off	 against	
other	ecosystem	functions;	high	productivity	and	multifunctionality	can	be	com-
bined	with	an	informed	selection	of	tree	species	and	species	combinations.
K E Y W O R D S
ecosystem	multifunctionality,	forest	management,	forestry,	FunDivEUROPE,	overyielding,	
productivity,	species	interactions,	tree	species	mixtures
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et	al.,	 2013)	 and	 in	 the	 context	 of	 sustainable	 forest	management	
(Mori,	Lertzman,	&	Gustafsson,	2017).
By	 favouring	 different	 tree	 species	 through	management	 (e.g.,	
selective	 thinning),	 foresters	 have	 been	 following	 this	 approach	
for	centuries.	However,	forestry	has	traditionally	focused	on	wood	
production	 as	 the	 main	 management	 goal,	 rather	 than	 on	 the	 si-










detrimental	 for	 dead	 wood	 occurrence,	 bilberry	 production,	 and	
food	for	game	in	boreal	and	temperate	production	forests	(Gamfeldt	
et	al.,	 2013).	 In	 general,	 species	 effects	 on	different	 functions	 are	
not	well	correlated,	so	that	no	“super-	species”	fulfils	many	functions	
at	the	same	time	and	under	all	conditions	(van	der	Plas	et	al.,	2016).	
In	 sum,	 there	 is	 a	 need	 for	 evidence-	based	understanding	of	 how	
different	 tree	 species	 compositions	 promote	 multiple	 ecosystem	
functions	and	services,	 including,	but	not	 restricted	 to,	wood	pro-







Pretzsch,	Forrester,	&	Bauhus,	2017),	 still	 often	 relies	on	 single-	
site	 experiments	 or	 case	 studies,	 limiting	 our	 capacity	 for	 syn-
thesis	and	generalization	across	spatial	and	temporal	scales.	The	
FunDivEUROPE	 exploratory	 platform	 was	 established	 as	 a	 net-




ized	 methodology	 and	 measurement	 protocols	 and	 coordinated	
data	 acquisition	 and	 management.	 Using	 data	 on	 30	 ecosystem	
functions	measured	in	this	platform,	we	can	perform	an	in-	depth	
analysis	 of	 tree	 composition	 effects	 on	 forest	 ecosystem	multi-
functionality.	We	aim	to	(i)	assess	to	what	degree	a	management	
focus	on	tree	productivity	also	boosts	other	ecosystem	functions	
or	 whether	 there	 are	 trade-	offs	 between	 production	 and	 other	
functions;	(ii)	quantify	the	individual	species	effects	and	strength	
of	 interactions	 among	 particular	 species	 and	 species	 groups	 to	
identify	 the	 “best”	 and	 “worst”	 species	 compositions	 for	 multi-




(ii)	 interspecific	 interactions	 can	 explain	 ecosystem	 functioning	
better	 than	 species	 identity	 effects	 alone,	 and	 that	 these	 inter-
actions	are	species	specific;	and	(iii)	tree	compositions	supporting	
high	 ecosystem	 multifunctionality	 are	 rare	 in	 European	 forests	
due	to	the	historical	focus	on	production	forests.
2  | MATERIAL S AND METHODS
2.1 | FunDivEUROPE exploratory platform design
The	 FunDivEUROPE	 exploratory	 platform	 is	 a	 coordinated	 net-
work	 of	 209	 forest	 plots	 in	 six	 European	 regions,	 covering	 a	
gradient	 of	 different	 climates	 and	 forest	 types	 (see	 Supporting	
Information	Appendix	S1).	It	was	established	in	2011	to	study	the	










Information	 Table	S1.1).	 Each	 richness	 level	 was	 replicated	 with	
different	species	compositions.	Furthermore,	the	tree	species	had	








management	or	 stochastic	 events.	More	details	 about	 the	 study	
sites,	 the	 selection	procedure,	 and	plot-	level	 information	 can	be	
found	in	Baeten	et	al.	(2013).
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looking	 at	 the	 relative	 importance	of	 composition	vs.	 diversity	 ef-
fects	 (Ratcliffe	 et	al.,	 2017).	 Four	 additional	 functions,	 represent-
ing	diversity	measurements	of	four	taxonomic	groups,	were	added	
to	 the	dataset:	 bat,	 bird,	 earthworm,	 and	understorey	plant	diver-



















synthesis	papers	of	 the	FunDivEUROPE	project	 (e.g.,	 van	der	Plas	
et	al.,	2016;	Ratcliffe	et	al.,	2017).
2.3 | National forest inventory data
Within	the	FunDivEUROPE	project,	we	compiled	harmonized	forest	
plot	data	from	the	national	forest	inventories	of	Finland,	Sweden,	
Germany,	Belgium	 (Wallonia),	 and	Spain	 (for	details	 see	Ratcliffe	




forest).	Determination	of	 the	 forest	 type	was	based	on	 the	EEA	
Technical	Report	9	 (Barbati,	Corona,	&	Marchetti,	2017).	 In	each	
inventory,	 we	 used	 the	 two	most	 recent	 surveys	 and	 extracted	
basal	area	(BA,	m²/ha)	for	all	trees	with	a	diameter	at	breast	height	
of	more	than	10	cm.	Plots	with	single	measurements	or	any	indi-
cation	of	 harvest	 activities	 between	 surveys	were	omitted	 from	












ously	 regenerated	stands.	Our	 final	dataset	 included	64.8%	 (bo-
real),	 22.3%	 (beech),	 and	 70.8%	 (Mediterranean	 mixed)	 of	 the	
available	NFI	plots.
2.4 | Data analyses
2.4.1 | Quantifying multifunctionality and its 





gether	 in	 a	 hierarchical	meta-	analytic	model	with	 group-	level	 ef-
fects	 for	 plot	 identity	 (209	 plots)	 and	 species	 composition	 (103	
compositions).	We	 considered	 species	 combinations	 occurring	 in	
multiple	forest	types	as	different	compositions,	because	the	same	
species	 combination	may	 have	 different	 functioning	when	 grow-
ing	 on	 different	 soils	 or	 in	 different	 climates	 and	 we	 wanted	 to	
account	 for	 the	 fact	 that	 the	 same	 composition	may	 behave	 dif-
ferently	among	forest	types.	 In	addition,	compositions	within	the	




of	Pinus sylvestris and Picea abies	were	present	 in	 three	and	 four	
types,	respectively.
The	 estimated	 effects	 of	 composition	 from	 the	 hierarchical	
model	were	used	here	as	measure	of	multifunctionality	for	a	given	
tree	species	composition.	The	effect	quantifies	the	degree	to	which	
the	 functioning	 of	 a	 particular	 composition	 deviates	 from	 the	 av-
erage,	 taking	all	 functions	 into	account.	Positive	and	negative	val-
ues	express	above-	average	and	below-	average	 functioning	of	 that	
species	 combination,	 respectively.	 An	 alternative	 single	 threshold	
approach	 (Byrnes	 et	al.,	 2014)	 provided	 a	 very	 similar	measure	 of	
multifunctionality;	 so,	we	expect	qualitatively	similar	 results	when	
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We	related	the	multifunctionality	to	the	mean	productivity	of	
each	composition	with	a	linear	regression	model,	to	test	whether	
selecting	 composition	 for	 high	 productivity	 also	 ensures	 high	
multifunctionality.	 In	 this	 analysis,	 we	 quantified	 the	 measure	
of	multifunctionality	 after	 excluding	 productivity,	 that	 is,	 mul-








To	 identify	 the	 individual	 species	 and	 pairs	 of	 species	 that	 in-
creased	 functioning,	 we	 used	 a	 diversity-	interaction	 modelling	





sity	effects,	BA	 is	 the	effect	of	variation	 in	plot-	level	basal	area	
(average	centred	to	zero	within	forest	types),	and	a	residual	is	the	
error	term.	The	species	identity	effects	equal	the	average	mono-
culture	 performances,	 weighted	 by	 the	 species’	 relative	 abun-
dances.	 The	 diversity	 effects	 result	 from	 species	 interactions,	
which	 causes	mixture	 functioning	 to	 differ	 from	 that	 expected	
from	 monoculture	 functioning.	 Kirwan	 et	al.	 (2009)	 proposed	
alternative	 patterns	 of	 interactions	 based	 on	 different	 ecologi-
cal	assumptions,	corresponding	to	different	formulations	of	the	
diversity	effects	term.	See	Supporting	Information	Appendix	S2	




while	 a	 second	 assumes	 that	monoculture	 functioning	 differs	 and	
only	 the	 relative	 abundances	 of	 the	 species	 influence	 function-
ing	 in	 mixtures	 (identity-	effect	 model;	 model	 1).	 Three	 additional	
models	combine	the	identity	effect	with	different	diversity	effects,	
corresponding	 to	 the	 alternative	 types	 of	 species	 interactions:	 a	
pairwise	 interactions	effect	 (model	2),	 an	 additive	 species-	specific	
contributions	effect	 (model	3),	or	a	functional-	group	effect	 (model	
4).	The	 importance	of	the	different	types	of	 interactions	was	then	




modelled	 the	 30	 functions	 together,	 using	 a	 similar	meta-	analytic	
model described above (Quantifying multifunctionality),	 replacing	
the	 composition	 effect	 with	 the	 identity	 and	 diversity	 effects	 of	
the	diversity-	interaction	models.	The	values	for	each	function	were	 
normalized	before	modelling.
2.4.3 | Relationship between multifunctionality and 
frequency of occurrence of tree species compositions
We	 calculated	 the	 frequency	 of	 occurrence	 of	 all	 tree	 species	









tered	 in	 the	 exploratories	may	 have	 different	 effects	 on	multi-
functionality	 in	 the	 different	 contexts	 (e.g.,	 climates,	 soil	 types	






3.1 | Relationship between productivity and 
ecosystem multifunctionality
Across	 all	 plots,	 the	 multifunctionality	 (excluding	 productivity)	 of	
tree	species	compositions	was	positively	 related	to	 their	mean	pro-
ductivity	 (Figure	1;	slope	=	0.028,	p < 0.001,	R²	=	0.22),	although	for	
a	given	level	of	productivity	there	was	a	considerable	range	in	mul-




Information	 Figure	S3.1).	 Patterns	 at	 the	 level	 of	 individual	 ecosys-







the	highest	 as	well	 as	 the	 lowest	performing	 compositions,	 both	 in	
terms	 of	 productivity	 (F	=	0.62,	 p = 0.43)	 and	 multifunctionality	
(F	=	2.19,	p = 0.14).	 Similarly,	 the	 leaf	phenology	 (evergreen,	decidu-
ous,	or	mixed)	was	not	important	in	explaining	differences	in	produc-
tivity	(F	=	1.83,	p = 0.17)	or	multifunctionality	(F	=	1.09,	p = 0.34).
Sensitivity	 analyses	 showed	 that	 the	 tree	 productivity–multi-
functionality	relationship	did	not	change	when	we	classified	all	spe-
cies	 combinations	occurring	 in	different	 forest	 types	 as	 the	 same,	
for	 example,	 rather	 than	 considering	 Picea abies	 monocultures	 as	
being	four	separate	compositions	because	they	occurred	in	four	for-
est	types,	we	regrouped	them	as	a	single	composition	 (Supporting	
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Information	 Figure	S4.1).	 While	 the	 productivity–multifunctional-
ity	 relationship	 remained	 the	 same	 if	we	 randomly	excluded	 func-
tions	from	our	multifunctionality	measure	 (Supporting	 Information	
Figure	S4.2),	 when	 we	 excluded	 particular	 ecosystem	 function	




3.2 | Identifying the best mixtures
Looking	 at	 individual	 functions,	 diversity-	interaction	 models	 showed	
that	 pairwise	 species	 interactions	 often	 influenced	 functioning,	 posi-
tively	as	well	as	a	negatively	(Figure	2).	Interactions	indicate,	for	particu-
lar	species	pairs,	whether	growing	the	two	species	in	a	mixture	increased	





regeneration-	related	 functions	 (27	 vs.	 17	 and	 10	 vs.	 3,	 respectively).	
Interactions	 tended	 to	 be	 positive	 in	 thermophilous	 deciduous	 and	
Mediterranean	mixed	and	negative	in	boreal	forest.	Results	for	the	indi-
vidual	functions	are	shown	in	Supporting	Information	Figure	S3.4.
When	 multifunctionality	 was	 modelled	 with	 all	 30	 functions	
together,	 including	 productivity,	 we	 often	 found	 tree	 species	 to	
have	very	different	effects	on	functioning	 (identity-	effects	model;	
Supporting	 Information	 Figure	S3.5).	 Furthermore,	 functioning	
levels	 generally	 also	 increased	with	 plot-	level	 basal	 area.	We	 also	
looked	at	variation	 in	functioning	across	forest	types	for	the	small	
number	 of	 composition	 present	 in	multiple	 types.	We	 found	 that	
Picea abies	 had	 higher	 functioning,	 compared	 with	 the	 average	







Species	 interactions	 were	 important	 in	 explaining	 multi-
functionality	 in	 all	 forest	 types	 except	 for	mountainous	beech	
(likelihood	 ratio	 tests	 of	 models	 with	 interaction	 effects	 vs.	
identity-	effects	 models;	 p < 0.05).	 We	 found	 that	 mixing	 ev-
ergreen	 and	 deciduous	 species	 reduced	 functioning	 in	 boreal	
(functional	 group	 vs.	 identity	 model;	 p = 0.029)	 but	 increased	
functioning	 in	hemi-	boreal	 forest	 (p = 0.025).	 In	boreal	 forests,	
the	 negative	 effect	was	mainly	 because	 of	 an	 antagonistic	 in-
teraction	 between	 Picea abies and Betula pendula	 leading	 to	
lower	 multifunctionality	 than	 expected	 based	 on	 their	 mono-
culture	 functioning.	 In	 beech,	 thermophilous	 deciduous	 and	
Mediterranean	mixed	forest,	there	was	no	such	functional	group	
effect,	 as	 here	 the	 species	 interacted	 similarly	with	 all	 others,	
illustrating	that	the	main	effect	of	mixing	was	the	contrast	be-
tween	 intra-	 and	 interspecific	 interactions	 (additive	 contribu-
tions	vs.	identity	model;	p < 0.05).
The	list	of	top	five	compositions	in	each	forest	type	in	terms	of	
their	 multifunctionality	 (Table	1),	 reflected	 this:	 only	 6	 out	 of	 the	
total	 28	 best	 compositions	 listed	 in	 Table	1	 were	 monocultures.	
Some	of	 the	best	compositions	 included	up	 to	 four	species	and	 in	
some	types	none	of	the	five	best	compositions	were	monocultures	
































































the	highest	multifunctionality.	Our	 findings	 show	 that	 it	matters	
considerably	which	 particular	 combinations	 are	 promoted	within	
a	given	richness	level.	This	is	critical	from	an	applied	perspective,	
as	 forest	managers	are	much	more	 likely	 to	 focus	on	species	 se-
lection	(e.g.,	when	replanting	after	a	regeneration	cut)	rather	than	
diversity	per	se.
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traits	co-	occur	(Fichtner	et	al.,	2017;	Pretzsch,	2014;	Zhang,	Chen,	&	
Reich,	2012).	These	insights	provide	relevant	information	for	making	
informed	tree	species	choices	 in	 forestry	but	 they	do	not	 indicate	
whether	selecting	species	 to	maximize	high	productivity	also	ben-





relatively	 high	multifunctionality.	 In	 the	 context	 of	 recent	 discus-
sions	 about	 the	 sensitivity	 of	 multifunctionality	 measures	 to	 the	
number	and	identity	of	their	component	functions	(e.g.,	Gamfeldt	&	
Roger,	2017;	Meyer	et	al.,	2018),	we	showed	that	our	findings	were	













six	 forest	 types	we	 identified	at	 least	one	 species	 that	 repeatedly	
occurred	 across	 the	 best	 compositions	 that	 characterize	 that	 par-
ticular	 forest	 type	 (hemi-	boreal:	Picea abies,	 beech:	Fraxinus excel-
sior,	 thermophilous	deciduous:	Quercus ilex and Quercus cerris,	 and	










high	 or	 low	 average	 performance	 across	 functions.	 For	 instance,	 in	
Mediterranean	mixed	forest,	monocultures	of	Pinus sylvestris and Pinus 
nigra	had	nearly	the	same	productivity,	but	varied	strongly	in	multifunc-
tionality.	Furthermore,	the	most	productive	compositions	had	above-	
average	 values	 for	many,	 but	 certainly	 not	 all	 functions	 (Supporting	
Information	Figures	S3.2	and	S3.3).	The	relative	importance	of	these	








tions	 and	 high	 productivity	 and	multifunctionality	 can	 be	 combined	
with	an	informed	selection	of	tree	species	combinations.
4.2 | The identity of co- occurring tree 
species matters






Boreal (7) Hemi- boreal (25) Beech (18)






*P. abies *C. betulus, P. abies A. pseudoplatanus,  
F. sylvatica, F. excelsior
P. abies *C. sativa, O. carpinifolia,  
Q. cerris, Q. ilex
*P. nigra, P. sylvestris
B. pendula B. pendula,  
C. betulus, P. abies, 
Q. robur
A. pseudoplatanus,  
F. sylvatica, F. excelsior,  
Q. petraea
A. alba, A. pseudoplatanus, 
F. sylvatica, P. abies
*Q. cerris, Q. ilex *P. sylvestris, Q. faginea
*B. pendula,  
P. abies,  
P. sylvestris
*P. abies, P. sylvestris *F. excelsior *F. sylvatica, P. abies O. carpinifolia, Q. cerris,  
Q. ilex
*P. sylvestris
*C. betulus, P. abies, 
Q. robur
*A. pseudoplatanus,  
F. excelsior, Q. petraea
*A. alba *C. sativa, Q. cerris *P. nigra, P. sylvestris, Q. 
faginea
B. pendula, P. abies, 
P. sylvestris,  
Q. robur
*A. pseudoplatanus,  
F. sylvatica, F. excelsior,  
P. abies
A. pseudoplatanus,  
F. sylvatica
C. sativa, O. carpinifolia,  
Q. ilex, Q. petraea
*P. nigra, P. sylvestris, Q. 
faginea, Q. ilex
Notes.	Full	species	names.	Coniferous	species:	Abies alba,	Picea abies,	Pinus nigra,	Pinus sylvestris. Broadleaved species: Acer pseudoplatanus,	Betula pen-
dula,	Carpinus betulus,	Castanea sativa,	Fagus sylvatica,	Fraxinus excelsior,	Ostrya carpinifolia,	Quercus robur,	Quercus petraea,	Quercus cerris,	Quercus 
faginea,	Quercus ilex.












































ecosystem	 functions	 are	 highly	 context	 dependent:	 stronger	 di-
versity	effects	on	multifunctionality	were	found	in	forest	types	in	
drier	climates,	with	longer	growing	seasons,	and	more	functionally	
diverse	 tree	 species	pools	 (Ratcliffe	et	al.,	2017).	A	 similar	analy-
sis	 of	 the	 context	 dependency	 of	 species	 composition	 effects	 is	
not	straightforward	because	compositions	are	not	easily	replicated	
in	 very	 different	 environments	 and	 forest	 types,	 unlike	 diver-
sity	 gradients	 that	 can	 be	 replicated	with	 very	 different	 species	
pools.	 Focusing	 on	 productivity,	 Pretzsch	 et	al.	 (2010,	 2013)	 al-
ready	showed	that	specific	two-	species	combinations	(oak–beech,	
spruce–beech)	change	from	overyielding,	due	to	facilitation,	to	un-




ality	tended	to	vary	considerably.	The	presence	of	Picea abies and 
Pinus sylvestris,	 for	 instance,	 increased	or	decreased	mixture	per-
formance,	depending	on	the	forest	type.
This	 calls	 for	 a	 new	 generation	 of	 forestry-	oriented	 scientific	
experiments	or	silvicultural	 trials	 tailored	to	study	species	 identity	
















4.3 | Low multifunctionality of the most common 
species compositions
By	 ranking	 tree	 species	 compositions	 of	 three	 forest	 types	 ac-
cording	to	how	often	they	occurred	in	inventory	data,	we	showed	
that	 the	 most	 frequent	 compositions	 were	 monospecific	 stands	
and	 that	 the	most	 frequent	species	combinations	mostly	showed	
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